Different regions of the Drosophila genome have very different rates of recombination. For example, near centromeres and near the tips of chromosomes, the rates of recombination are much lower than in other regions. Several surveys of polymorphisms in Drosophila have now documented that levels of DNA polymorphism are positively correlated with rates of recombination; i.e., regions with low rates of recombination tend to have low levels of DNA polymorphism within populations of Drosophila. Three hypotheses are reviewed that might account for these observations. The first hypothesis is that regions of low recombination have low neutral mutation rates. Under this hypothesis between-species divergences should also be low in regions of low recombination. In fact, regions of low recombination have diverged at the same rate as other regions of the genome. On this basis, this strictly neutral hypothesis is rejected. The second hypothesis is that the process of fixation of favorable mutations leads to the observed correlation between polymorphism and recombination. This occurs via genetic hitchhiking, in which linked regions of the genome are swept along with the selectively favored mutant as it increases in frequency and eventually fixes in the population. This hitchhiking model with fixation of favorable mutations is compatible with major features of the data. By assuming this model is correct, one can estimate the rate of fixation of favorable mutations. The third hypothesis is that selection against continually arising deleterious mutations results in reduced levels of polymorphism at linked loci. Analysis of this background selection model shows that it can produce some reduction in levels of polymorphism but cannot explain some extreme cases that have been observed. Thus, it appears that hitchhiking of favorable mutations and background selection against deleterious mutations must be considered together to correctly account for the patterns of polymorphism that are observed in DrosophUa.
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Recent developments in biotechnology have led to a huge burst in available DNA sequence information. DNA sequences from a large number of loci from a large number of taxa are currently available and more sequences are becoming available. With this information, much has been learned about the rates of molecular evolution in different taxa, at a variety of loci, and at different kinds of sites in the genome. Although the territory is large and much remains to be explored, some descriptive generalizations are now possible. In contrast, the population genetic processes underlying this molecular evolution remain almost entirely obscure. In other words, quite a bit is known about the tempo of molecular evolution, but very little is known about the mode. Understanding the population genetic forces that are most important is made exasperatingly difficult by the fact that very small selective effects, much too small to be directly measured, can be the determining factor in evolution. As a consequence, some effort has been devoted to making inferences about the evolutionary process by indirect means such as analyzing the patterns of molecular divergence and polymorphism in a variety of taxa and loci. Excellent recent reviews of empirical and theoretical aspects of these issues are available (1, 2) . I will describe here some recently collected data and some efforts to make inferences from that data about underlying population genetic processes. Several hypotheses and population genetic models that may account for the data will be discussed. Most of the discussion will concern a "background selection" model that may account for some important aspects of the data.
The Data
The data that will be considered here are primarily DNA polymorphism data from a number of loci primarily in Drosophila melanogaster and Drosophila simulans. The salient feature of these data, the focus of this paper, is the following: Regions of the Drosophila genome with low rates of recombination per base pair exhibit low levels of polymorphism within populations (3) (4) (5) (6) (7) (8) (9) . A summary of these data that display the remarkable correlation between recombination rates and levels of polymorphism is given in refs. 6 and 10. In the following paragraphs, three hypotheses to account for these data will be described. They are (i) a strictly neutral hypothesis, (ii) a hitchhiking with selective sweeps of advantageous mutations hypothesis, and (iii) a background selection of deleterious mutations hypothesis.
A Strictly Neutral Hypothesis
A very simple though interesting hypothesis to explain the correlation of recombination rates with polymorphism levels is a completely neutral one: Regions of low recombination might have low levels of polymorphism because they have low neutral mutation rates. These low neutral mutation rates in regions of low recombination might result from high average levels of constraint in those parts of the genome or because the spontaneous mutation rates are low there. Either of these possibilities would be interesting and surprising, since there is no a priori reason to suspect that mutation rates are lower or constraints are higher in regions of low recombination. Fortunately, there is a simple and powerful way to test this strict neutral interpretation: Examine the levels of divergence between species in these regions of high and low recombination. Under our neutral interpretation, regions of low recombination ought to have low levels of divergence compared to the levels of divergence in regions of high recombination, because the rate divergence under the neutral model is equal to the neutral mutation rate. The data in this regard are quite clear. Regions of low recombination are not diverging more slowly between species than are regions of high recombination (5) (6) (7) 9) . Therefore, it is concluded that the low levels of variation in regions oflow recombination are not caused by low neutral mutation rates in those regions.
The strictly neutral model is rejected.
Hitchhking with Favorable Mutations Hypothesis
Another hypothesis that has been proposed to explain the pattern of sequence variation is the hitchhiking or "selective sweeps" model (11) (12) (13) (14) . Under this model, the low levels of polymorphism in regions of low recombination are due to the hitchhiking effect of selectively advantageous mutants that sweep through the population and, in the process, eliminate variation at tightly linked sites. In regions of low recombination, large chunks of DNA are swept to fixation by such selection events, whereas in regions of high recombination, only small chunks are swept to fixation. If such selection events are steadily occurring in both high and low recombination regions, the result will be a lower steady-state level of variation in regions of low recombination. If this selective sweeps interpretation is correct, it should be possible to estimate some of the parameters of the population genetic process involved. Indeed, Wiehe and Stephan (14) have developed a method to estimate an important rate parameter from the patterns of reduced variation. (They assume that most of the variation that is seen is neutral but that the levels of variation are, in some cases, strongly affected by occasional selective sweeps.) The development of this estimation method is quite significant, demonstrating an additional way in which inferences about the mode of molecular evolution can be made from patterns of polymorphism and divergence. Further work is clearly warranted to investigate other properties of this model and to assess the robustness of the rate estimates. Although there remains much to be investigated, this model can account for some important features of the data.
Background Selection Model
Recently, a quite different hypothesis, referred to as the background selection model, has been proposed to account, at least in part, for the low levels of variation in regions of low recombination (15) . In this model, as with the selective sweeps model, one focuses on the level of neutral variation that will be maintained at a locus embedded in the midst of a large number of other loci at which mutations can occur that are not selectively neutral. Fig.  1A illustrates this model. (The parameters r and sh indicated on the figure will be defined later.) The locus at which neutral variation is being monitored will be referred to as the neutral locus. deleterious mutations in the region being considered. The equilibrium value off will depend on the mutation rate and the fitness of genotypes with different numbers of mutations. For the case where all loci are completely linked, as indicated in Fig. 1B , the ratio R is equal tofo, the frequency of chromosomes that carry no deleterious mutations (15) . For a wide range of mutation rates and selection coefficients, the effect of background selection is simply to reduce the effective population size from N to foN. For at least one model, an explicit expression for fo has been obtained. Namely, if the deleterious effect of a single mutation in heterozygous state is sh and, further, if an individual heterozygous at i loci has relative fitness (1 -sh)i, then the equilibrium value of f is exp(-U/2sh), where U/2 is the total (haploid) deleterious mutation rate at the completely linked loci (17, 18) . Thus for this model and without recombination, the effect of background selection on levels of variation can be calculated.
With recombination, as in the model of Fig. lA FIG. 2 . R, the ratio of nucleotide diversity with background selection to nucleotide diversity without background selection, is plotted as a function of r, the recombination rate between the neutral locus and the deleterious region. The model assumed is that depicted in Fig. 1C . For these calculations, N = 3200 and sh = 0.02. the difficult model of Fig. 1A is approximately the same as for the model shown in Fig. 1B , in which all loci more than sh recombination units away have been removed, and all the other loci are assumed completely linked to the neutral locus. If this conjecture is correct, with the arrangement of loci depicted in Fig. 1A , and if the multiplicative interaction model is assumed, the value of R would be R = fo = exp( -Ue/2sh), [1] where Ue/2 is the rate of deleterious mutation in the region within sh recombination units on either side of the neutral locus. Now, some implications ofthis tentative approximation for patterns of variation seen in Drosophila can be explored. Since recombination usually occurs only in females in Drosophila, the effective recombination rate over many generations for autosomal genes is one-half the rate measured in females. Thus, in Drosophila, Ue would be the total deleterious mutation rate for loci within 2sh x 100 centimorgans of the neutral locus. If we denote the deleterious mutation rate ofthe entire diploid genome by UT and the fraction ofgenome within z centimorgans of a locus by F(z) and if the deleterious mutation rate is more or less constant per base pair across the genome, then Ue can be written as F(200sh)UT, and substituting into Eq. 1,
UT in Drosophila has been estimated as approximately 1.0 (20, 21) and s/ has been estimated to be 0.02 (22) . Hence, R can be written as exp[-F(4)/0.04]. To predict R for any locus, one need only determine F(4), the fraction of the genome within 4 centimorgans of the locus. From published genetic and cytological maps, F(z) can be estimated for many loci. For example, consider the cta locus (located at cytological position 40F) near the base of the second chromosome. A region 4 centimorgans in each direction from this locus extends from cytological position 35C to about 44E, which is about 9o of the genome. That is, F(4) for the cta locus is about 0.09. Therefore, we expect R for cta to be about exp(-0.09/0.04) = 0.11. For adh located at position 35B, the region within 4 centimorgans of ad/ extends from about 33A to 37B, or about 4% of the genome. Therefore, we expect R for ad/ to be exp(-0.04/0.04) = 0.37.
Note that in a region with uniform recombination rates, F(200sh) will be proportional to sh, the constant of proporNote that the parameter sh has canceled out. It In summary the background selection model predicts substantial reductions in polymorphism in some regions of the genome. However, the extreme reductions observed in the tip and base of the X chromosome and the fourth chromosome are not predicted with the versions of the model currently analyzed and the best available estimates of the parameters.
Discussion and Conclusion
The hitchhiking model appears to be able to account for the major features of the data. Current models of background selection do not appear to be able to account for the very large reductions in polymorphism levels observed in some regions of the Drosophila genome. However, it appears quite prob- Proc. Nati. Acad. Sci. USA 91 (1994) able that background selection does have a substantial effect on some loci and analyses of observed patterns of variation need to take it into consideration. Other aspects of the data such as the frequency spectrum of the observed polymorphisms and the patterns ofgeographic variation are beginning to be analyzed and may shed additional light on the underlying process (8, 26) .
These analyses ofmolecular divergence and polymorphism illustrate some of the difficulties and the promise of indirect analysis of molecular data. To make progress toward understanding the population genetic processes that produce the patterns of molecular polymorphism and the patterns of divergence observed requires a continual interplay between collection and analysis of informative data sets and the consideration of appropriate models. There is clearly a long way to go on the road to understanding the mode ofmolecular evolution.
